Ca 2+ -calmodulin dependent protein kinase II (CaMKII) plays a central role in Ca 2+ signaling throughout the body. Specifically in the hippocampus, CaMKII is required for learning and memory. CaMKII is encoded by four highly conserved genes in vertebrates: α, β, γ, and δ. All CaMKIIs are comprised of a kinase domain, regulatory segment, variable linker region, and hub domain responsible for oligomerization. The four genes differ primarily in linker length and composition due to extensive alternative splicing. Numerous questions regarding these splice variants still remain, starting with the fundamental question of which variants are expressed and how splicing affects CaMKII regulation. Here, we unambiguously report the heterogeneity of CaMKII transcripts in a complex sample of human hippocampus using Illumina sequencing. Our results show that hippocampal neurons contain a diverse collection of 56 CaMKII transcripts from all four CaMKII genes, including 25 that have not been previously annotated. We characterized the Ca 2+ /CaM sensitivity of hippocampal CaMKII variants spanning a broad range of linker lengths and compositions. We demonstrate that the effect of the variable linker on Ca 2+ /CaM sensitivity is conditional on kinase and hub domains. Moreover, we reveal a novel role for the hub domain as an allosteric regulator of kinase activity, which may provide a new pharmacological target for modulating CaMKII activity. Taken together, we propose that Ca 2+ /CaM sensitivity in CaMKII is gene-dependent and includes significant contributions from the hub. Our sequencing approach combined with biochemistry provides new insights into understanding the complex pool of endogenous CaMKII.
INTRODUCTION
Ca 2+ /calmodulin dependent protein kinase II (CaMKII) is a crucial oligomeric Ser/Thr kinase in long-term memory formation (1) as well as egg activation in fertilization (2, 3) , and cardiac pacemaking (4) . CaMKII is expressed throughout the human body, which facilitates its role in these disparate functions. There are four human genes that encode CaMKII: CaMKIIα and β (predominantly in brain), CaMKIIδ (predominant in heart) and CaMKIIγ (multiple organ systems, including egg and sperm) (5) (6) (7) . In all four genes, each CaMKII subunit is comprised of a kinase domain, regulatory segment, variable linker region, and a hub domain (Fig. 1A) . The kinase and hub domains of all four genes are highly conserved with minimum 90% and 75% pairwise identity, respectively. The linker that connects the kinase and hub domains is highly variable in length and composition due to alternative splicing. Herein, we focus on CaMKII in the hippocampus, which comprises the primary memory center in the brain (8) . CaMKII is the most abundant enzyme in neuronal dendrites and has been implicated functionally in memory (1) . Transgenic mice deficient in neuronal CaMKII have limited long-term memory and display specific learning impairments (9, 10) . More specifically, mice with mutations at critical phosphorylation sites in CaMKII display defects in higher order memory and adaptive learning (11) .
The structure and function of both the kinase and hub domains of CaMKII have been well studied. Kinase activity is controlled by the autoinhibitory regulatory segment, which blocks the substrate-binding site in the absence of Ca 2+ (12) . When Ca 2+ levels rise, Ca 2+ bound calmodulin (Ca 2+ /CaM) competitively binds to the regulatory segment and relieves inhibition by exposing the substrate-binding site ( Fig. 1B) (13) . The regulatory segment also houses three sites of autophosphorylation: Thr286, Thr305, Thr306 (following CaMKIIα numbering) (14) . Notably, phosphorylation at Thr286 results in autonomous activation, or, sustained activity in the absence of Ca 2+ (15) . The hub domain oligomerizes the holoenzyme into both dodecameric and tetradecameric assemblies (Fig. 1C) (16) (17) (18) .
The variable linker region has been difficult to study for several reasons. The sequence of the linker is predicted to be disordered. It is likely for this reason that high-resolution structures of the CaMKII holoenzyme including the linker region have not been solved. Indeed, the only atomic resolution structure of a CaMKII holoenzyme is one in which the variable linker is completely deleted (19) . In this structure, the regulatory segment makes extensive contacts with the hub domain, thereby completely sequestering the CaM binding segment from Ca 2+ /CaM in this compact conformation. This structure, combined with biochemical data discussed below, led to the hypothesis that linker length may tune the autoinhibition within the holoenzyme by either stabilizing a compact conformation (short linker forms) or populating an extended conformation where the CaM binding segment is more accessible (longer linker forms).
The variable linker also varies in composition between the four CaMKII genes. Further complexity is generated from alternative splicing up to 9 exons (ex [13] [14] [15] [16] [17] [18] [19] [20] [21] in each linker, creating a total of more than 50 variants possibly expressed from four genes ( Fig. 2A) . The combination of high identity within the conserved kinase and hub domains and high variability in the linker region makes it difficult to specifically identify splice variants of paralogs in cellular experiments.
There have been many studies that outline specific roles for exons in the variable linker region, which provide some clues as to why exons may be spliced in or out. Exon 15, which is encoded in all genes with the exception of CaMKIIβ has been documented to contain a nuclear localization sequence (NLS) (20) (21) (22) . This NLS (KKRK) is a common motif identified as a sufficient sequence to achieve nuclear localization (23) . Exon 13, which is encoded in CaMKIIβ and γ, but not α or δ, mediates an important interaction with F-actin (24, 25) . In dendritic spines, CaMKII interacting with actin is crucial for the maintenance of spine structure during long-term potentiation (26) . Perhaps the most dramatic form of alternative splicing results in the formation of alpha CaMKII associated protein (alpha KAP) where CaMKIIα is spliced to a form that includes only the hub domain (27) . This splice variant plays an important role in membrane anchoring using its hydrophobic N-terminal domain (28) . Finally, it was recently shown that alternative splicing within the hub might regulate oligomerization (5) . Roles for the remaining exons have yet to be delineated.
In addition to roles assigned to specific exons, the variable linker region has also been shown to play a critical role in CaMKII activation. A standard metric for CaMKII activity is the concentration of Ca 2+ /CaM required for half-maximal activation (EC 50 value) (19, 29) . It has also been clearly shown that CaMKII activation is cooperative (29) . In regard to linker length, a CaMKIIα variant with a 30-residue linker has been shown to require significantly less Ca 2+ /CaM to achieve maximal activity compared to a CaMKIIα variant with a 0-residue linker (19) . This general trend is also true when comparing a long linker CaMKIIβ variant to a short linker CaMKIIα variant (30) .
Here, we address the gaps in knowledge in two major areas: 1) which specific CaMKII splice variants are expressed in human hippocampal cells, and 2) how CaMKII activation is regulated within the holoenzyme structure for other CaMKII genes.
RESULTS

The exon architecture is conserved between CaMKII paralogs
The four genes encoding CaMKII in humans share a high degree of homology. Using the Neighbor Joining method (31, 32) , we created reconstructions of the kinase and hub domain divergence for the four human CaMKII genes rooted with D. melanogaster CaMKII kinase and hub outgroups ( Fig. 1D ). Because of the clear one-to-one correspondence of exons across genes, we employ a common exon numbering system ( Fig. 2A ). Herein, we implement a new naming scheme for CaMKII variants based on gene identity and incorporated exons ( Fig. 2C ). Moving forward, we propose this is the simplest way to efficiently catalog current CaMKII variants and include new variants as they are discovered.
Deep sequencing reveals at least 56 CaMKII transcript variants in human hippocampus
We used Illumina sequencing to unambiguously determine the CaMKII transcripts present in a human hippocampus sample.
Strategy of amplification and detection of specific CaMKII variants
In order to identify all alternatively spliced CaMKII transcripts expressed in a human total RNA sample, these transcripts must be dramatically enriched. Similar to earlier approaches (1,3,(33-35) , we reverse-transcribed human hippocampal RNA to generate cDNA and then used genespecific primer pairs to PCR-amplify variable regions of CaMKII transcripts (Fig. 2B ). Agarose gel separation of PCR amplicons followed by Sanger sequencing of excised gel bands was inadequate for detailed characterization of alternative CaMKII splicing, because many bands contained mixtures of variants. To circumvent this issue, we devised an Illumina nextgeneration sequencing approach. Given the locations at which CaMKII transcripts are variably spliced and the maximal lengths of variable regions when all optional exons are incorporated, strategic placement of a primer pair facilitates PCR-based construction of Illumina sequencing libraries such that a 251bp paired-end sequencing strategy allows unambiguous identification of virtually all possible CaMKII transcripts from all four genes ( Fig. 2B , blue/green primer pair). Compared to traditional whole-transcriptome Illumina RNA-Seq library preparation, this approach emphasizes sensitivity of variant detection over accuracy in quantification of relative transcript abundance, due to the greater potential for amplification bias resulting from additional PCR cycles. Therefore, we will not discuss transcript abundance, except to say that each identified variant is supported by far too many reads (50 or more) to be attributable to sequencing errors.
Analysis of Illumina sequencing
We detected a surprisingly large number of distinct transcript variants ( Fig. 2C , Supplement 1, 2), including 3 variants of CaMKIIα, 24 of CaMKIIβ, 17 of CaMKIIγ, and 12 of CaMKIIδ. In addition to variants previously annotated in genomic databases (NCBI Consensus CDS collection, NCBI GenBank, Ensembl), we also identified numerous previously unobserved variants of each gene, which we refer to as novel in this manuscript. One novel variant of note was the CaMKIIα transcript including no optional linker exons (0 aa linker). This is significant because the crystal structure of CaMKIIα no-linker variant is the only available structure of full length CaMKII (PDB: 3SOA (19)), but this variant was previously not known to be biologically relevant.
Nearly every identified transcript incorporating optional linker exons contained exons 14 and 18, suggesting these two exons constitute a "core" linker predating the divergence of the four genes. Assuming the core is mandatory if any other linker exons are to be spliced in, we observed a large fraction of allowable linker sequences for each gene. CaMKIIβ variants incorporating proline-rich exons 19, 20, or 21 and CaMKIIγ variants incorporating F-actininteracting exon 13, which were not detected in our experiment, are two notable exceptions.
The variable linker affects activation of CaMKIIα, but not CaMKIIβ
We focused on the activation properties of CaMKIIα and β variants because of their welldocumented involvement in learning and memory (9, 11) . First, we determined the EC 50 values for Ca 2+ /CaM activation of all three CaMKIIα variants sequenced from human hippocampus. For all EC 50 measurements, the curve fit is shown in Figure 3 for simplicity, and fits with all data points used are shown in Supplement 3. For brevity we refer to variants by linker length: α-41 (α14, 15,18 in Fig. 2C ), α-30 (α14, 18) , and α-0 (α-no-linker). In agreement with previous experiments comparing α-30 to α-0 (19) , we also observed a significant right-shift in the EC 50 value (from 24 nM to 313 nM, respectively, Fig. 3A ). CaMKIIα-41 (EC 50 = 25 nM, Fig. 3A ) did not show a significant difference compared to α-30.
Next, we examined CaMKIIβ variants with the broadest possible range of variable linker lengths: previously annotated and detected variants β-93, β-69, β-68, β-54, β-30, and β-0, as well as the annotated, but undetected, variant β-217 ( Figure 3B ). Quite surprisingly, we observed no significant differences in EC 50 across the entire range of linker lengths, with EC 50 of all β variants falling in the narrow range between 14-31 nM. This result shows that the variable linker does not tune activation the same way in different CaMKII genes.
The hill coefficients (n H ) from these measurements of CaMKIIα and β variants were all quite similar, ranging from 1.5 to 2.5, which is consistent with previous measurements (19) . Of note, the cooperativity in CaMKIIβ variants is consistently higher compared to CaMKIIα, but does not correlate with EC 50 value differences.
We observed a 15-fold difference in the EC 50 for Ca 2+ /CaM between α-0 and β-0 (313 nM vs 21 nM). The difference in activation properties of these two variants must be determined by sequence differences outside of the variable linker: in the kinase domain, the hub domain, or a combination of the two. In fact, the only CaMKIIβ variant we tested with an EC 50 outside of the narrow range around 20 nM was the novel variant β-93-short-hub, which is slightly right-shifted from the other CaMKIIβ variants (Fig. 3B ). The only difference between β-93 (25 nM EC 50 ) and β-93-short-hub (43 nM EC 50 ) are 26 residues missing in the hub domain, indicating that hub alone may affect activation properties. These results motivated our next experiments.
The hub is dominant to the kinase and variable linker in determining activation properties
We directly assessed the regulatory contribution of the kinase and hub domains of CaMKIIα and β (90% and 77% identity, respectively). To do this, we created two chimeras with 0aa linkers. The first chimera is the CaMKIIα kinase domain fused to the CaMKIIβ hub domain, and the second chimera is the CaMKIIβ kinase domain fused to the CaMKIIα hub domain. The EC 50 value of the β kinase/α hub chimera was significantly right-shifted compared to that of the α kinase/β hub chimera ( Fig. 3C ). Both CaMKIIβ-0 and the chimera with the β hub have roughly the same EC 50 (24 nM and 21 nM, respectively). On the other hand, CaMKIIα-0 and the chimera with the α hub are both right-shifted. However, the EC 50 of the chimera is still 3-fold lower than the EC 50 of wild type CaMKIIα-0: 102 nM vs 313 nM. This suggests that the role of the hub domain in determining activation properties is dominant with respect to the kinase domain, with no contribution from the kinase in the context of β hub, but a significant contribution in the context of α hub.
Activation properties track with evolutionary divergence
We compared the divergence of human CaMKII kinase and hub domains using the corresponding domains from the single CaMKII gene in fly as outgroup to root the trees (Fig.  1D ). The kinase and hub trees have consistent topologies, in which the common ancestor of CaMKIIα and δ diverged from the common ancestor of β and γ. However, while the four kinase domains diverged in nearly a star topology (the segments separating the α/δ and β/γ ancestors from their common ancestor are much shorter than any other segment), hub divergence was not nearly as uniform. CaMKIIα and δ are much more diverged from each other and from β/γ. CaMKIIβ and γ hubs have diverged by far the least, with the fewest substitutions between them. Based on this similarity, and the apparent involvement of the hub domain in activation, we hypothesized that γ-0 would behave similarly to β-0. We measured activation of γ-0 and δ-0 ( Fig. 3C ), confirming our hypothesis (γ-0: EC 50 = 28 nM). Consistent with the order in which α, β/γ, and δ split, as well as with the greater degree of divergence between α and δ hubs, δ-0 required an intermediate amount of Ca 2+ /CaM for activation (EC 50 = 167 nM): roughly 7-fold higher than β-0, but 2-fold lower than α-0.
DISCUSSION
For the first time, we unambiguously determined at least 56 CaMKII transcripts present in a human hippocampal sample using Illumina sequencing. Using these sequences, and others previously annotated from various tissues, we asked what are the differences in regulation between CaMKII genes and splice variants. We discovered that while CaMKIIα regulation is dependent on the variable linker region, CaMKIIβ is not. Further, we now show a novel role for the hub domain in the regulation of CaMKII activation by Ca 2+ /CaM. Our data provide important insights into the heterogeneity of CaMKII transcripts in a human tissue and also implicate a new role for the hub domain in regulating CaMKII activity through an allosteric mechanism. This finding opens a new window to allosteric control of CaMKII activity through modulation of the hub domain.
We sequenced a significant number of transcripts from all four CaMKII genes. Notably, CaMKIIα produced a no-linker transcript (CaMKIIα-0) that accounted for over 3% of mapped reads. This sequence was previously crystallized to obtain the only full-length atomic resolution structure of CaMKII. Our data demonstrate the potential physiological relevance of the compact conformation observed in that structure (19) . The sheer number of detected variants in hippocampal neurons (56 across the four CaMKII genes) suggests that either splicing is not tightly regulated at every exon, or, conversely, there are complex mechanisms of regulation.
In terms of abundance of transcripts we detected, PCR bias is unlikely to be solely responsible for the roughly 1000-fold differences between the most-and least-frequently observed variants of CaMKIIβ, γ, and δ. This suggests that some variants are deliberately up-regulated relative to others. Furthermore, we did not detect even a single read mapping to some of the previously annotated variants (for instance CaMKIIβ variants incorporating exon 19, 20, or 21, and CaMKIIγ variants containing exon 13). This suggests that some variants are specifically down-regulated.
We found that agarose gel separation of transcripts followed by Sanger sequencing of individual bands cannot resolve CaMKII variants from hippocampus (Supplement 4). This is because sequencing traces from most bands clearly indicated a mixture of templates present in the sequenced sample. In many cases, careful analysis of the Sanger sequencing trace allowed us to identify at least two distinct splice variants. Therefore, it is difficult to interpret the presence or absence of an expected gel band as indicative of the presence or absence of a particular CaMKII transcript in a sample. Since each Illumina read obtained by our approach reflects a single template molecule, it produces a significantly more robust survey of the CaMKII transcripts. We suggest that this approach should be applied to other tissues to begin to catalog the diversity in CaMKII transcripts. We expect that in other tissues the identity and relative abundance of transcripts will vary from those we observed in the hippocampus. With this information in hand, we will certainly improve our understanding of the regulation of alternative splicing, and ultimately be able to link this regulation to the biological needs within each tissue.
Finally, our results comparing the EC 50 values between CaMKIIα and β splice variants show that the regulation of CaMKII activation is gene-dependent and significantly affected by the sequence of hub domain. The variable linker in CaMKIIα does play a significant role in regulating CaMKIIα activity, which is consistent with previous work (19) . We used cartoon holoenzymes in Figure 3 to illustrate the compact and extended autoinhibited states of CaMKII, which correspond to lower and higher sensitivities to Ca 2+ /CaM. For CaMKIIα, these cartoons are based on a crystal structure (PDB: 3SOA) and SAXS measurements, respectively (19) . Surprisingly, the variable linker in CaMKIIβ does not play a significant role in regulating CaMKIIβ activity. Using these EC 50 measurements, we have described CaMKII activation at fixed Ca 2+ /CaM concentrations. CaMKII activity is also dependent on the frequency of Ca 2+ delivered (19, 30, 36) . Future experiments will be needed to carefully dissect this kinetic contribution in different splice variants.
Our results with CaMKIIα and β chimeras provide evidence that the hub is the primary determinant of sensitivity to Ca 2+ /CaM. Analysis of the CaMKIIα holoenzyme crystal structure shows that the substituted residues comparing CaMKIIα and β hub domains are distributed fairly evenly throughout the domain (Fig. 4A ). None of these substitutions are found at the interface between the hub and regulatory segment, which would be clear to interpret. The extreme C-terminus does vary slightly from gene to gene (SVLPH in CaMKIIα), which may be implicated in oligomerization effects (Fig. 4B ). Taken together, we hypothesize that this effect of the hub on kinase activity is based on dynamics; where breathing motions or stability within the hub domain allosterically regulates the accessibility of the calmodulin-binding segment. Further experiments will be needed to fully elucidate this complex mechanism.
MATERIALS AND METHODS
Initial amplification of transcript variable regions
cDNA was reverse-transcribed from a commercially purchased human hippocampal RNA sample (BioChain) using the ProtoScript II first strand cDNA synthesis kit (NEB #E6560) with oligo dT priming. Variable regions of transcripts were PCR-amplified for 35 cycles using highspecificity primer pairs designed to minimize cross-hybridization between CaMKII genes and Phusion polymerase (NEB #M0530). This yielded a mixed population of variable-length amplicons reflecting the splice variants of the targeted gene present in the RNA sample.
Construction of Illumina Sequencing Libraries
Illumina sequencing libraries were prepared from the initial variable-length amplicon pools using an adapted PCR-based construction protocol (37) . Briefly: first, gene-specific primers with overhangs containing Illumina-specified sequences ( Figure 2B ) were used to sub-amplify transcript variable regions. Second, generic primers annealing to the overhangs introduced in the first reaction were used to incorporate annealing sites for Illumina sequencing primers, NEBNext (NEB #E7335) library indices, and P5/P7 flow cell annealing sequences. The resulting amplicons were agarose gel-purified with size selection based on the theoretical minimal and maximal lengths of the variable region inserts.
Analysis of Illumina Sequencing
Illumina reads were grouped by sequence similarity, producing clusters with >90% sequence identity and two or fewer base pair insertions/deletions. The consensus sequence of each cluster was aligned to exon sequences from the corresponding CaMKII gene obtained from the reference human genome (GRCh38.p12, Ensembl release 95) in order to map exon order in the transcript represented by the cluster. Over 90% of reads from each Illumina library could be clustered and unambiguously mapped with reference exons. We consider these "mappable" reads. Python2 code implementing read clustering and exon mapping is available upon request.
Expression plasmid construction
Full-length CaMKII variants were cloned into a pET vector containing N-terminal 6xHis followed by a SUMO tag.
CaMKII chimeras were constructed as follows. The kinase/regulatory segment and hub domains of CaMKIIα and CaMKIIβ were amplified from full-length constructs. The kinase domain includes the regulatory segment of its corresponding kinase. Each domain was amplified with a 20 bps overhang that was the corresponding CaMKII gene. The chimeras were assembled using the Gibson assembly technique.
Protein expression and purification
All CaMKII variants used for this experiment were recombinantly expressed and purified according to (38) . Plasmids encoding CaMKII variants were co-transformed with lambda phosphatase into Rosetta 2(DE3)pLysS competent cells (Millipore). Expression was induced overnight with 1mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) and cultures were grown overnight at 18°C. Cell pellets were resuspended in Buffer A (25 mM Tris-HCl pH 8.5, 150mM KCl, 50mM Imidazole, 10% glycerol) with 25mM Magnesium chloride, containing a cocktail of protease inhibitors and DNAse (AEBSF 0.2 mM, Leupeptin 0.005 mM, 1ug/mL Pepstatin, 1ug/mL Aprotinin, 0.1 mg/mL Trypsin Inhibitor, 0.5 mM Benzamidine, 1ug/mL DNAse) and lysed. All subsequent purification steps were performed using an Äkta pure chromatography system at 4°C. Clarified lysate was loaded onto a 5 mL HisTrap FF NiNTA Sepharose column (GE), and eluted with a combination of 50% Buffer A and 50% Buffer B (25mM Tris-HCl pH 8.5, 150mM KCl, 1M imidazole, 10% glycerol) for a final concentration of 0.5 M imidazole. The protein was desalted of residual imidazole using a HiPrep 26/10 Desalting column, and His SUMO tags were cleaved with Ulp1 protease overnight at 4°C in Buffer C (25mM Tris-HCl pH 8.5, 150mM KCl, 2mM TCEP, 50mM Imidazole, 10% glycerol). Cleaved tags were separated by a subtractive NiNTA step. Next, an anion exchange step was done using a 5 mL HiTrap Q-FF and protein was eluted with a KCl gradient. Eluted proteins were concentrated and further purified in gel filtration buffer (25mM Tris-HCl pH 8.0, 150mM KCl, 1mM TCEP, 10% glycerol) using a Superose 6 Increase 10/300 size exclusion column (GE). Pure fractions were then concentrated, aliquoted, flash frozen in liquid nitrogen and stored at -80°C until further use.
Calmodulin (Gallus gallus) was recombinantly expressed from a pET-15b vector (generous gift from Angus Nairn) in BL21(DE3) cells (Millipore) and purified as previously described (Putkey and Waxham, 1996) . To quantify the calmodulin concentration for making stocks to use in the kinase assays, we used circular dichroism on a Jasco J-1500 Spectrophotometer to make a measurement in triplicate for our purified sample scanning a wavelength spectrum between 250-215 nm to measure the characteristic wavelength of 222 nm according to (39).
Equation used to calculate calmodulin concentration:
[CaM] (mM) =(1000*(mdeg at 222 nm sample -mdeg at 222 nm blank))/(ϴ*ℓ*(# amino acids)) ℓ=path length, ϴ=molar ellipticity
Θ × × number of amino acids
where circular dichroism at 222 nm ( !!!!" ) is expressed in mdeg, Θ is the molar ellipticity, and is the path length in cm.
Coupled kinase assays
Kinase activity was monitored with previously described conditions (Barker et al. 1995; Chao et al. 2010) using a Synergy H1 microplate reader (Biotek). The addition of calmodulin (concentrations ranging from 0 nM-2 µM) to the reaction was used to initiate CaMKII activity, after which absorbance was measured at 15 second intervals for 10 minutes. The change in absorbance over the course of the resulting time series of measurements was fit with a straight line (y = mx + c) to obtain a slope (m) proportional to the kinetic rate of the reaction. For each time series, slopes were fit to a sliding window of 5 points (1 minute 15 seconds) and the maximum observed slope was used to represent the kinetic rate of that reaction. Kinetic rates across a series of calmodulin concentrations were fit with the following equation:
to obtain EC 50 (defined as the calmodulin concentration needed to reach half the maximal reaction velocity) and cooperativity values (Hill coefficients, n H ). 95% confidence intervals for fit parameters (EC 50 and n H ) were determined using the following bootstrap procedure. 10,000
replicate calmodulin concentration series were generated by randomly selecting one observed kinetic rate at each measured calmodulin concentration from the set of replicates for that variant. Each generated concentration series was fit with the equation above. Parameter values at the 2.5 th and 97.5 th quantiles of the 10,000 fits were taken as the boundaries of the 95% confidence interval. (B) Illumina library construction is illustrated with CaMKIIβ. Initial PCR amplification of a region encompassing all alternative splice sites (including the linker and hub exon 23) is carried out with primers designed for specificity for target CaMKII gene, to the exclusion of the other three genes (orange and red arrows). Initial amplicons serve as templates for amplification of library inserts in a second PCR reaction with a different primer pair (green and blue arrows).
Resulting inserts are fully spanned by paired-end 251bp reads for nearly all splice variants. For CaMKIIβ, this is true as long as exons 19, 20, and 21 are not incorporated. These exons are shown as semi-transparent because they were not incorporated in any detected hippocampal splice variant. (C) Summary of CaMKIIα and β transcript variants detected by Illumina sequencing. All detected variants, including all previously annotated variants, are shown for CaMKIIα. For CaMKIIβ, the top eight read-mapping variants are shown above the black line and the remaining previously annotated variants are shown below the line. Variants are considered novel if they have not been previously annotated. Variants highlighted in blue are those that were used in activity measurements (see Figure 3 ). AAGCCCCAGACG  AATAGCACCAAAAACAGTGCAGCCGCCACCAGCCCCAAAGGGACGCTTCCTCCTGCCGCCCTGGAGCCT  CAAACCACCGT  CATCCATAACCCAGTGGACGGGATTAAGGAGTCTTCTGACAGTGCCAATACCACCATAGAGGATGAAGA  CGCTAAAGCCC  GGAAGCAGGAGATCATTAAGACCACGGAGCAGCTCATCGAGGCCGTCAACAACGGTGACTTTGAGGCC  TACGCGAAAATC  TGTGACCCAGGGCTGACCTCGTTTGAGCCTGAAGCACTGGGCAACCTGGTTGAAGGGATGGACTTCCAC  AGATTCTACTT  CGAGAACCTGCTG  >beta14a,16,18  CATCCTCACCACCATGCTGGCCACACGGAATTTCTCAGCAGCCAAGAGTTTACTCAACAAGAAAGCAGAT  GGAGTCAAGC  CCCAGACGAATAGCACCAAAAACAGTGCAGCCGCCACCAGCCCCAAAGGGACGCTTCCTCCTGCCGCCC  TGGAGTCTTCT  GACAGTGCCAATACCACCATAGAGGATGAAGACGCTAAAGCCCGGAAGCAGGAGATCATTAAGACCAC  GGAGCAGCTCAT  CGAGGCCGTCAACAACGGTGACTTTGAGGCCTACGCGAAAATCTGTGACCCAGGGCTGACCTCGTTTGA  GCCTGAAGCAC  TGGGCAACCTGGTTGAAGGGATGGACTTCCACAGATTCTACTTCGAGAACCTGCTG  >beta14a,16,17,18  CATCCTCACCACCATGCTGGCCACACGGAATTTCTCAGCAGCCAAGAGTTTACTCAACAAGAAAGCAGAT  GGAGTCAAGC  CCCAGACGAATAGCACCAAAAACAGTGCAGCCGCCACCAGCCCCAAAGGGACGCTTCCTCCTGCCGCCC  TGGAGCCTCAA  ACCACCGTCATCCATAACCCAGTGGACGGGATTAAGGAGTCTTCTGACAGTGCCAATACCACCATAGAG  GATGAAGACGC  TAAAGCCCGGAAGCAGGAGATCATTAAGACCACGGAGCAGCTCATCGAGGCCGTCAACAACGGTGACT  TTGAGGCCTACG  CGAAAATCTGTGACCCAGGGCTGACCTCGTTTGAGCCTGAAGCACTGGGCAACCTGGTTGAAGGGATG  GACTTCCACAGA  TTCTACTTCGAGAACCTGCTG  >beta14b,16,17,18  CATCCTCACCACCATGCTGGCCACACGGAATTTCTCAGCCAAGAGTTTACTCAACAAGAAAGCAGATGG  AGTCAAGCCCC  AGACGAATAGCACCAAAAACAGTGCAGCCGCCACCAGCCCCAAAGGGACGCTTCCTCCTGCCGCCCTGG  AGCCTCAAACC  ACCGTCATCCATAACCCAGTGGACGGGATTAAGGAGTCTTCTGACAGTGCCAATACCACCATAGAGGAT  GAAGACGCTAA  AGCCCGGAAGCAGGAGATCATTAAGACCACGGAGCAGCTCATCGAGGCCGTCAACAACGGTGACTTTG  AGGCCTACGCGA  AAATCTGTGACCCAGGGCTGACCTCGTTTGAGCCTGAAGCACTGGGCAACCTGGTTGAAGGGATGGACT  TCCACAGATTC  TACTTCGAGAACCTGCTG  >beta14b,16,18  CATCCTCACCACCATGCTGGCCACACGGAATTTCTCAGCCAAGAGTTTACTCAACAAGAAAGCAGATGG  AGTCAAGCCCC  AGACGAATAGCACCAAAAACAGTGCAGCCGCCACCAGCCCCAAAGGGACGCTTCCTCCTGCCGCCCTGG  AGTCTTCTGAC  AGTGCCAATACCACCATAGAGGATGAAGACGCTAAAGCCCGGAAGCAGGAGATCATTAAGACCACGGA  GCAGCTCATCGA  GGCCGTCAACAACGGTGACTTTGAGGCCTACGCGAAAATCTGTGACCCAGGGCTGACCTCGTTTGAGCC  TGAAGCACTGG  GCAACCTGGTTGAAGGGATGGACTTCCACAGATTCTACTTCGAGAACCTGCTG  >beta13,14b,16,18  CATCCTCACCACCATGCTGGCCACACGGAATTTCTCAGTGGGCAGACAGACCACCGCTCCGGCCACAAT  GTCCACCGCGG  CCTCCGGCACCACCATGGGGCTGGTGGAACAAGCCAAGAGTTTACTCAACAAGAAAGCAGATGGAGTC  AAGCCCCAGACG  AATAGCACCAAAAACAGTGCAGCCGCCACCAGCCCCAAAGGGACGCTTCCTCCTGCCGCCCTGGAGTCT  TCTGACAGTGC  CAATACCACCATAGAGGATGAAGACGCTAAAGCCCGGAAGCAGGAGATCATTAAGACCACGGAGCAGC  TCATCGAGGCCG  TCAACAACGGTGACTTTGAGGCCTACGCGAAAATCTGTGACCCAGGGCTGACCTCGTTTGAGCCTGAAG  CACTGGGCAAC  CTGGTTGAAGGGATGGACTTCCACAGATTCTACTTCGAGAACCTGCTG  >beta13-14b-17-18  CATCCTCACCACCATGCTGGCCACACGGAATTTCTCAGTGGGCAGACAGACCACCGCTCCGGCCACAAT  GTCCACCGCGG  CCTCCGGCACCACCATGGGGCTGGTGGAACAAGCCAAGAGTTTACTCAACAAGAAAGCAGATGGAGTC  AAGGAGCCTCAA  ACCACCGTCATCCATAACCCAGTGGACGGGATTAAGGAGTCTTCTGACAGTGCCAATACCACCATAGAG  GATGAAGACGC  TAAAGCCCGGAAGCAGGAGATCATTAAGACCACGGAGCAGCTCATCGAGGCCGTCAACAACGGTGACT  TTGAGGCCTACG  CGAAAATCTGTGACCCAGGGCTGACCTCGTTTGAGCCTGAAGCACTGGGCAACCTGGTTGAAGGGATG  GACTTCCACAGA  TTCTACTTCGAGAACCTGCTG  >beta13,14b,16,17,18-short-hub  CATCCTCACCACCATGCTGGCCACACGGAATTTCTCAGTGGGCAGACAGACCACCGCTCCGGCCACAAT  GTCCACCGCGG  CCTCCGGCACCACCATGGGGCTGGTGGAACAAGCCAAGAGTTTACTCAACAAGAAAGCAGATGGAGTC  AAGCCCCAGACG  AATAGCACCAAAAACAGTGCAGCCGCCACCAGCCCCAAAGGGACGCTTCCTCCTGCCGCCCTGGAGCCT  CAAACCACCGT  CATCCATAACCCAGTGGACGGGATTAAGGAGTCTTCTGACAGTGCCAATACCACCATAGAGGATGAAGA  CGCTAAAGCCC  GGAAGCAGGAGATCATTAAGACCACGGAGCAGCTCATCGAGGCCGTCAACAACGGTGACTTTGAGGCC  TACGCATTCTAC  TTCGAGAACCTGCTG  >beta14b,17,18  CATCCTCACCACCATGCTGGCCACACGGAATTTCTCAGCCAAGAGTTTACTCAACAAGAAAGCAGATGG  AGTCAAGGAGC  CTCAAACCACCGTCATCCATAACCCAGTGGACGGGATTAAGGAGTCTTCTGACAGTGCCAATACCACCAT  AGAGGATGAA  GACGCTAAAGCCCGGAAGCAGGAGATCATTAAGACCACGGAGCAGCTCATCGAGGCCGTCAACAACGG  TGACTTTGAGGC  CTACGCGAAAATCTGTGACCCAGGGCTGACCTCGTTTGAGCCTGAAGCACTGGGCAACCTGGTTGAAGG  GATGGACTTCC  ACAGATTCTACTTCGAGAACCTGCTG  >beta14a-17-18  CATCCTCACCACCATGCTGGCCACACGGAATTTCTCAGCAGCCAAGAGTTTACTCAACAAGAAAGCAGAT  GGAGTCAAGG  AGCCTCAAACCACCGTCATCCATAACCCAGTGGACGGGATTAAGGAGTCTTCTGACAGTGCCAATACCA  CCATAGAGGAT  GAAGACGCTAAAGCCCGGAAGCAGGAGATCATTAAGACCACGGAGCAGCTCATCGAGGCCGTCAACAA  CGGTGACTTTGA  GGCCTACGCGAAAATCTGTGACCCAGGGCTGACCTCGTTTGAGCCTGAAGCACTGGGCAACCTGGTTGA  AGGGATGGACT  TCCACAGATTCTACTTCGAGAACCTGCTG  >beta13,14b,18  CATCCTCACCACCATGCTGGCCACACGGAATTTCTCAGTGGGCAGACAGACCACCGCTCCGGCCACAAT  GTCCACCGCGG  CCTCCGGCACCACCATGGGGCTGGTGGAACAAGCCAAGAGTTTACTCAACAAGAAAGCAGATGGAGTC  AAGGAGTCTTCT  GACAGTGCCAATACCACCATAGAGGATGAAGACGCTAAAGCCCGGAAGCAGGAGATCATTAAGACCAC  GGAGCAGCTCAT  CGAGGCCGTCAACAACGGTGACTTTGAGGCCTACGCGAAAATCTGTGACCCAGGGCTGACCTCGTTTGA  GCCTGAAGCAC  TGGGCAACCTGGTTGAAGGGATGGACTTCCACAGATTCTACTTCGAGAACCTGCTG  >beta14a,18  CATCCTCACCACCATGCTGGCCACACGGAATTTCTCAGCAGCCAATAGTTTACTCAACAAGAAAGCAGAT  GGAGTCAAGG  AGTCTTCTGACAGTGCCAATACCACCATAGAGGATGAAGACGCTAAAGCCCGGAAGCAGGAGATCATTA  AGACCACGGAG  CAGCTCATCGAGGCCGTCAACAACGGTGACTTTGAGGCCTACGCGAAAATCTGTGACCCAGGGCTGACC  TCGTTTGAGCC  TGAAGCACTGGGCAACCTGGTTGAAGGGATGGACTTCCACAGATTCTACTTCGAGAACCTGCTG  >beta14b,16,17,18  CATCCTCACCACCATGCTGGCCACACGGAATTTCTCAGCCAAGAGTTTACTCAACAAGAAAGCAGATGG  AGTCAAGCCCC  AGACGAATAGCACCAAAAACAGTGCAGCCGCCACCAGCCCCAAAGGGACGCTTCCTCCTGCCGCCCTGG  AGCCTCAAACC  ACCGTCATCCATAACCCAGTGGACGGGATTAAGGAGTCTTCTGACAGTGCCAATACCACCATAGAGGAT  GAAGACGCTAA  AGCCCGGAAGCAGGAGATCATTAAGACCACGGAGCAGCTCATCGAGGCCGTCAACAACGGTGACTTTG  AGGCCTACGCAT  TCTACTTCGAGAACCTGCTG  >beta13,14b,16,18  CATCCTCACCACCATGCTGGCCACACGGAATTTCTCAGTGGGCAGACAGACCACCGCTCCGGCCACAAT  GTCCACCGCGG  CCTCCGGCACCACCATGGGGCTGGTGGAACAAGCCAAGAGTTTACTCAACAAGAAAGCAGATGGAGTC  AAGCCCCAGACG  AATAGCACCAAAAACAGTGCAGCCGCCACCAGCCCCAAAGGGACGCTTCCTCCTGCCGCCCTGGAGTCT  TCTGACAGTGC  CAATACCACCATAGAGGATGAAGACGCTAAAGCCCGGAAGCAGGAGATCATTAAGACCACGGAGCAGC  TCATCGAGGCCG  TCAACAACGGTGACTTTGAGGCCTACGCATTCTACTTCGAGAACCTGCTG  >beta14b,18  CATCCTCACCACCATGCTGGCCACACGGAATTTCTCAGCCAAGAGTTTACTCAACAAGAAAGCAGATGG  AGTCAAGGAGT  CTTCTGACAGTGCCAATACCACCATAGAGGATGAAGACGCTAAAGCCCGGAAGCAGGAGATCATTAAG  ACCACGGAGCAG  CTCATCGAGGCCGTCAACAACGGTGACTTTGAGGCCTACGCGAAAATCTGTGACCCAGGGCTGACCTCG  TTTGAGCCTGA  AGCACTGGGCAACCTGGTTGAAGGGATGGACTTCCACAGATTCTACTTCGAGAACCTGCTG  >beta14a,16,17,18  CATCCTCACCACCATGCTGGCCACACGGAATTTCTCAGCAGCCAATAGTTTACTCAACAAGAAAGCAGAT  GGAGTCAAGC  CCCAGACGAATAGCACCAAAAACAGTGCAGCCGCCACCAGCCCCAAAGGGACGCTTCCTCCTGCCGCCC  TGGAGCCTCAA  ACCACCGTCATCCATAACCCAGTGGACGGGATTAAGGAGTCTTCTGACAGTGCCAATACCACCATAGAG  GATGAAGACGC  TAAAGCCCGGAAGCAGGAGATCATTAAGACCACGGAGCAGCTCATCGAGGCCGTCAACAACGGTGACT  TTGAGGCCTACG  CATTCTACTTCGAGAACCTGCTG  >beta14a,16,18  CATCCTCACCACCATGCTGGCCACACGGAATTTCTCAGCAGCCAAGAGTTTACTCAACAAGAAAGCAGAT  GGAGTCAAGC  CCCAGACGAATAGCACCAAAAACAGTGCAGCCGCCACCAGCCCCAAAGGGACGCTTCCTCCTGCCGCCC  TGGAGTCTTCT  GACAGTGCCAATACCACCATAGAGGATGAAGACGCTAAAGCCCGGAAGCAGGAGATCATTAAGACCAC  GGAGCAGCTCAT  CGAGGCCGTCAACAACGGTGACTTTGAGGCCTACGCATTCTACTTCGAGAACCTGCTG  >beta13,14a,16,17,18  CATCCTCACCACCATGCTGGCCACACGGAATTTCTCAGTGGGCAGACAGACCACCGCTCCGGCCACAAT  GTCCACCGCGG  CCTCCGGCACCACCATGGGGCTGGTGGAACAAGCAGCCAAGAGTTTACTCAACAAGAAAGCAGATGGA  GTCAAGCCCCAG  ACGAATAGCACCAAAAACAGTGCAGCCGCCACCAGCCCCAAAGGGACGCTTCCTCCTGCCGCCCTGGAG  CCTCAAACCAC  CGTCATCCATAACCCAGTGGACGGGATTAAGGAGTCTTCTGACAGTGCCAATACCACCATAGAGGATGA  AGACGCTAAAG  CCCGGAAGCAGGAGATCATTAAGACCACGGAGCAGCTCATCGAGGCCGTCAACAACGGTGACTTTGAG  GCCTACGCGAAA  ATCTGTGACCCAGGGCTGACCTCGTTTGAGCCTGAAGCACTGGGCAACCTGGTTGAAGGGATGGACTTC  CACAGATTCTA  CTTCGAGAACCTGCTG  >beta-no-linker  CATCCTCACCACCATGCTGGCCACACGGAATTTCTCAGCCCGGAAGCAGGAGATCATTAAGACCACGGA  GCAGCTCATCG  AGGCCGTCAACAACGGTGACTTTGAGGCCTACGCGAAAATCTGTGACCCAGGGCTGACCTCGTTTGAGC  CTGAAGCACTG  GGCAACCTGGTTGAAGGGATGGACTTCCACAGATTCTACTTCGAGAACCTGCTG  >beta13,14a,16,18  CATCCTCACCACCATGCTGGCCACACGGAATTTCTCAGTGGGCAGACAGACCACCGCTCCGGCCACAAT  GTCCACCGCGG  CCTCCGGCACCACCATGGGGCTGGTGGAACAAGCAGCCAAGAGTTTACTCAACAAGAAAGCAGATGGA  GTCAAGCCCCAG  ACGAATAGCACCAACAACAGTGCAGCCGCCACCAGCCCCAAAGGGACGCTTCCTCCTGCCGCCCTGGAG  TCTTCTGACAG  TGCCAATACCACCATAGAGGATGAAGACGCTAAAGCCCGGAAGCAGGAGATCATTAAGACCACGGAGC  AGCTCATCGAGG  CCGTCAACAACGGTGACTTTGAGGCCTACGCGAAAATCTGTGACCCAGGGCTGACCTCGTTTGAGCCTG  AAGCACTGGGC  AACCTGGTTGAAGGGATGGACTTCCACAGATTCTACTTCGAGAACCTGCTG  >beta14a,17,18-short-hub  CATCCTCACCACCATGCTGGCCACACGGAATTTCTCAGCAGCCAAGAGTTTACTCAACAAGAAAGCAGAT  GGAGTCAAGG  AGCCTCAAACCACCGTCATCCATAACCCAGTGGACGGGATTAAGGAGTCTTCTGACAGTGCCAATACCA  CCATAGAGGAT  GAAGACGCTAAAGCCCGGAAGCAGGAGATCATTAAGACCACGGAGCAGCTCATCGAGGCCGTCAACAA  CGGTGACTTTGA  GGCCTACGCATTCTACTTCGAGAACCTGCTG  >beta13 GAGCCACAAACC  ACTGTGGTACACAACGCTACAGATGGGATCAAGGGCTCCACAGAGAGCTGCAACACCACCACAGAAGA  TGAGGACCTCAA  AGCTGCCCCGCTCCGCACTGGGAATGGCAGCTCGGTGCCTGAAGGACGGAGCTCCCGGGACAGAACAG  CCCCCTCTGCAG  GCATGCAGCCCCAGCCTTCTCTCTGCTCCTCAGCCATGCGAAAACAGGAGATCATTAAGATTACAGAACA  GCTGATTGAA  GCCATCAACAATGGGGACTTTGAGGCCTACACGAAGATTTGTGATCCAGGCCTCACTTCCTTTGAGCCTG  AGGCCCTTGG  TAACCTCGTGGAGGG  >gamma14,16a,17,18b  CCTCACGACCATGCTTGTCTCCAGGAACTTCTCAGCTGCCAAAAGCCTATTGAACAAGAAGTCGGATGGC  GGTGTCAAGC  CACAGAGCAACAACAAAAACAGTCTCGTAAGCCCAGCCCAAGAGCCCGCGCCCTTGCAGACGGCCATG  GAGCCACAAACC  ACTGTGGTACACAACGCTACAGATGGGATCAAGGGCTCCACAGAGAGCTGCAACACCACCACAGAAGA  TGAGGACCTCAA  AGTGCGAAAACAGGAGATCATTAAGATTACAGAACAGCTGATTGAAGCCATCAACAATGGGGACTTTG  AGGCCTACACGA  AGATTTGTGATCCAGGCCTCACTTCCTTTGAGCCTGAGGCCCTTGGTAACCTCGTGGAGGG  >gamma14,15,17,18b  CCTCACGACCATGCTTGTCTCCAGGAACTTCTCAGCTGCCAAAAGCCTATTGAACAAGAAGTCGGATGGC  GGTGTCAAGA  AAAGGAAGTCGAGTTCCAGCGTGCACCTAATGGAGCCACAAACCACTGTGGTACACAACGCTACAGATG  GGATCAAGGGC  TCCACAGAGAGCTGCAACACCACCACAGAAGATGAGGACCTCAAAGTGCGAAAACAGGAGATCATTAA  GATTACAGAACA  GCTGATTGAAGCCATCAACAATGGGGACTTTGAGGCCTACACGAAGATTTGTGATCCAGGCCTCACTTC  CTTTGAGCCTG  CCTCACGACCATGCTTGTCTCCAGGAACTTCTCAGCTGCCAAAAGCCTATTGAACAAGAAGTCGGATGGC  GGTGTCAAGG  GCTCCACAGAGAGCTGCAACACCACCACAGAAGATGAGGACCTCAAAGTGCGAAAACAGGAGATCATT  AAGATTACAGAA  CAGCTGATTGAAGCCATCAACAATGGGGACTTTGAGGCCTACACGAAGATTTGTGATCCAGGCCTCACT  TCCTTTGAGCC  TGAGGCCCTTGGTAACCTCGTGGAGGG  >gamma14,15 
